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"Membrane and use thereof 1 

The present invention relates to a solid multicomponent membrane which is 
particuiariy suited as dense oxygen separation membrane in applications with h.gh 
driving forces for oxygen transport- 

.norganic membranes show promise for use in commercial prccesses for 
separating oxygen from an oxygen containing gaseous mixture. Envisioned a PP - 
Hcations range from smal. scale cxygen pumps for medical use to large scale 
integrated gasification combined cycle plants. This technology encompasses two 
different kinds of membrane, materials; oxygen ion conductors and mixed oxygen 
ion and electronic conductors. In both cases the oxygen ion transport is by oxygen 
ion vacancies or interstitial oxygen in the membrane material. In the case of mrxed 
conductors electrons are also transported in the membrane matenal. 

Membranes formed from mixed conducting oxides can be used to selectively 
separate oxygen from an oxygen containing gaseous mixture at e.eva ed tem- 
peratures. Oxygen transport occurs when a difference in the chem.ca. potenfa. of 
oxygen (Alogpoz) exists across the membrane. On the high oxygen partial pressure 
side of the membrane, molecular oxygen dissociates into oxygen ions wh,ch 
migrate to the low oxygen partia, pressure side of the membrane anc . recomb,ne 
there to form oxygen molecules. Electrons migrate through the membran .n the 
opposite direction to conserve charge. The rate at which oxygen permeate 
through the membrane is mainly controlled by three processes; (I) the rate of 
oxygen exchange at the high oxygen partia. pressure surface of the membrane 
(H) the oxygen diffusion rate within the membrane and (III) the rate of oxygen 
exchange on the low oxygen partia. pressure surface of the membrane. If the 
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^miiari hv the oxvqen diffusion rate, the oxygen 
independent of the membrane thickness. 

n • p-nt vears the use of dense mixed conducting membranes in various 

5 ' f 8 US 8 7«L and Eoropaan Paten, APP^on No. 90,34083.8 
described in US 5,7l4,uai anu k 35 6,728 and 

(EP . A .438902), production ot synthesis gas descnbed in US Patent 5,35b 

tment of a sweep gas for fossil energy conversion with econom.ca. CO, 

a^nt as Iscrl in P— OOtVO, PCT/NO97/001 71 and 

PCT/NO97/00172. 

F o, « appiioation o, MOM (Mixed Coning Metnb-ane, — » 
For tne P p reqo i re msnts in addition to being a good 

under any static condition within the appropnate temperate «d «w P 
pressure range. Furthermore, the membrane materia, must be stable ^ag 
^on with the addition, components in the gase ous £££££ 
NO, SO.), and any solid phase in contact with ,t (e.g., seals and support m 
This calls for different materials for different applications. 
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A membrane material that fulfils all the stability requirements under static con- 
ditions may still be unstable when it is placed in a potential gradient. Any mult,- 
component material kept in a potential gradient, e.g. oxygen partial pressure 
gradient or electrical potential gradient, will be subjected to driving forces act.ng to 
demix or decompose the material. These phenomena are called kinetic dem.x.ng 
and kinetic decomposition and are well described in the literature (e.g., 
Schmalzried, H. and Laqua, W., Oxidation of Metals 15 (1981) 339). 

Kinetic demixing acts to gradually change the cationic composition of the 
membrane along the axis parallel to the applied potential. This phenomenon w.ll 
always occur in materials where a mixture of cations are present on the same 
sublattice. Kinetic demixing may or may not reduce the performance and lifet.me of 
the membrane. 

Kinetic decomposition implies a total breakdown of the compound or compounds 
comprising the membrane, and results in the appearance of decomposition com- 
pounds on the membrane surface. This phenomenon occurs in all multicomponent 
materials when placed in a potential gradient exceeding a certain critical magn,- 
tude. A membrane kept in an oxygen partial pressure gradient large enough for 
Kinetic decomposition to take place, will have its performance and lifetime reduced. 
Those skilled in the art recognize the phenomenon of kinetic decomposition' as one 
of the major critical parameters in developing durable membranes, particularly for 
processes involving large potential gradients across the membrane. 

Furthermore, when the membrane is placed in an oxygen chemical potential 
gradient and it responds by establishing a gradient in the concentration of oxygen 
vacancies or interstitials parallel to the direction of the applied potent* the 
membrane experiences mechanical stress with the strain plane perpend.cular to 
the direction of the applied potential gradient. This mechanical stress is caused by 
a phenomenon referred to as chemical expansion, which can be defined as the 
dependency of the unit cel. volume of the nonstoichiometric oxide on the oxygen 
stoichiometry. When the chemica. expansion exceeds a critical limit, and g.ves nse 
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to mechanical stress exceeding a critical limit governed by the membrane package 
design a mechanical failure of the membrane package may result. Those stalled m 
the art recognize the phenomenon of chemical expansion as one of the major 
critical parameters in developing durable membrane packages. 

Two prior art processes can be put forward as particularly relevant to the present 
invention: the production of synthesis gas in which an oxygen containing gas <s fed 
to the first side of a membrane, whereby pure oxygen is transported through the 
membrane, and the so produced oxygen partially oxidizes a hydrocarbon confin- 
ing gas supplied to the second side of the membrane; and fossil energy con- 
version with economical CQ 2 abatement (e.g. PCT/NO97/0 01 72) where an oxygen 
containing gas is fed to the first side of a membrane, whereby pure oxygen ,s 
transported through the membrane, and the produced oxygen oxidizes a hydro- 
carbon containing gas supplied to the second side of the membrane. 

The process conditions of the reievant process define the environs of the 
membrane and play a determining role in the selection of membrane matenaL 
Examples of typical process parameters for the two said processes are g„en ,n 
Tables 1 and 2, respectively. Both processes are character^ by a to** 
gradient across the membrane of well above 10 decades. 
processes caU for membrane materials that have a high stability aga.nstreact.on 
with CQ 2 under reducing conditions, as the COa pressure is well above 1 bar. 
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TABLE 2 Example of process parameters for an MCM power 
production process 




During recent years dense mixed conducting membranes have been described. 

US 5306411 discloses a solid, gas-impervious, electron-conductive, oxygen 
ion-conductive, single-phase membrane for use in an electrochemical reactor, sa,d 
membrane being formed from a perovskite represented by the formula: 
A A' B B' B" Ox 

wherein A represents a lanthanide, Y, or mixture thereof; A' represents an alkaline 
earth metal or mixture thereof; B represents Fe; B' represents Or, Ti, or m.xture 
thereof; and B" represents Mn, Co, V, Ni, Cu, or mixture thereof and s, t, u, v, w, 
and x each represent a number such that: 

s/t equals from about 0.01 to about 100; 

u equals from about 0.01 to about 1; 

v equals from about 0.01 to 1 ; 

w equals from zero to about 1 ; 

x equals a number that satisfies the valences of the A, 

A', B, B' and B" in the formula; and 

0.9<(s+t)/(u+v+w)<1-1- 



The examples focusing on A' representing Sr and B' representing Cr. 
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US 5 712,220 describes compositions capable of operating under high carbon di- 
oxide partial pressures for use in solid-state oxygen producing devices 
represented by the formula Ln^AVB^BVO^, wherein Ln is an element 
selected from the f block lanthanides, A' is selected from Group 2, A" is selected 
from Groups 1 , 2 and 3 and the f block lanthanides, and B, B\ B" are in- 
dependently selected from the d block transition metals, excluding titanium and 
chromium, wherein 0<=x<1. 0<x'<1, 0<=x"<1, 0<y<1.1, 0<y"<1.1, 0<=y"<l.1, 
x+ x'+x"=1 0 1 1>y+y'+y">1.0 and z is a number which renders the compound 
charge neutral wherein such elements are represented according to the Periodic 
Table of the Elements adopted by IUPAC. The examples focusing on A' 
representing Sr or Ba, B representing Co, B' representing Fe, and B» representing 
Cu. 

WO97/41060 describes a solid state membrane for use in a catalytic membrane 
reactor wherein said membrane is fabricated from a mixed metal oxide matenal 
having a brownmil.erite structure and having the genera, stoichometry 
A.AJBhBVCW where A is an alkaline earth metal ion or mixture of alkaline earth 
metal ions; A' is a metal ion or mixture of metal ions where the metal is selected 
from the group consisting of the lanthanide series or is yttrium; B is a metal ion or 
mixture of metal ions wherein the metal is selected from the group consists of 3d 
transition metals, and the group 13 metals; BMs a metal ion or mixture of metal 
ions where the metal is selected from the group consisting of the 3d trans,t,on 
metals, the group 13 metals, the .anthanides and yttrium; x is a number greater 
than 0 and less than 2, y is a number greater than 0 and less than or equal to 2 
and z is a number greater than zero and less than one that renders the compound 
charge neutral. The examples focus on the most preferred combination of 
elements given by A representing Sr. A' representing La. B representing Ga, and 
B' representing Fe. 

US 5 306 411 US 5,712,220, and WO97/41060 each encompass wide ranges of 
membrane compositions. It is known to those ski.led in the art that a great number 
of compositions encompassed by the claims of US 5,306,411 and US 5,712.220 
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„ ,„ he ,eml» unstable as perovskites ana that a groat number of compoeiuons 
elmpasse 0, W097,4,oeO ara inheren,, unafcble aa brownmilterifes under a 
coddle relevan, to membrane prooosoas. Fodhenmore . . ^ - £ 

composition* encompeseed by US 5.306,4,t. US 5,712.220. and WO97 41060 
„ characedaed 0, tow „, ;e,o oxygen tlux under a„ oond„,ona relevan. to 
membrane processes. 

Tha main obiact o, tha ptaaan, invention was to atriva a. an improved membrane 
IZZ oooa atabiiit, againe, reaction wlth oatbon dfoxide and ageins, reduotxan 
of oxide components to metal. 

Anotha, obias, o. ana ptaaan, ln.en.io,, was to arbve a, an improved rnan*,ana 
thlno etUy against kinetic decompose and resistance to mechantce, 
tailora doe to chemical expansion stresses. 

Tha inventors V «- * ^ daSS " multo "" >0ne "' ^ °T„.Ta 
oalcTly suited! membrane metadata in praceasea in which the membrane ,s 

or moeLoroas the membrane. These compositions overcome 
«o.a,ed wlbinebc deoompoaibon. Addition*. 
chemical expansion and hV stability against carbon dioxide end water, these 
HI - pamculady sul as membranes tor the production o, syngas end 
tor toaail ettergy conversion wilh\conomioal CO, abatement. 

The compositions eccording to the preaen, invenbon ere ■"-«"•-- ^ 
parous,* etruorure. n.med atter the mineral perovskbe. CaTtO* 
stolchiometry ia diftaren. from the ideal perovskite, and « is this dtflerenoe that 
STi— -ording ,« the present invention supedo, ~£ - 
potentia, gradtenr. Fd— e, me prooeaa conditions 
produbbon ot syngas o, teas, energy eonversioh wtth economy, CO, abateme 
L« the selection ol elements of which the perovskite membrane ban consist. 
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A material possessing the perovskite structure can in its most general form be 
written AJBJO*. where A and B each represent any combination and number of 
e.ements provided that the ionic radii of the elements, as defined and tabulated by 
Shannon (Acta Cryst. (1976) A22, 751). satisfy the requirement that the number t 
defined by 



r A +rp 
t= j2{r B +r 0 ) 



is not .ess than about 0.85 and not greater than about 1.10, and preferably t ,s not 
less than about 0.95 and not greater than about 1.05, where r A and r B represent 
the weighted average ionic radius of the A-elements and the B-elements 
respectively. r c represents the ionic radius of the oxygen ion; and v. w. and d each 
represent numbers such that 0.9<v<1.05, 0.9<w<1.05, and d is not .ess than zero 
and not greater than about 0.8, and preferably 0.95<v<1 .03 and 0.95<w<1 .03. 

The perovskite membrane for use in said processes must contain at .east one 
e.ement (I) whose va.ence is substantia^ mixed under said process cond.t.ons, 
and (II) with the additional requirement that the oxide of said e.ement, or of any 
additiona. e.ement of which the membrane is composed, does not reduce to a 
meta. under any condition encompassed by said process condrt.ons Th.s 
requirement points to the group of 3d transition metais, but with the , I— 
expressed by part (I) of the requirement excluding Sc, Ti, V, Cr, and Zn as the 
mixed valence element, and part (II) excluding Co, Nl. and Cu. Therefore, only Fe 
and Mn satisfy part (I) and part (II) of said requirement, and. hence, the 
membrane must contain Fe or Mn or mixture thereof. The 
contain Co. Nl. or Cu. Therefore, the preferred compositions of US 5,712 220 
referenced in the "Background of the invention", can not be used as membranes 
the said processes. Said preferred compositions of US 5,712,220 are expected to 
^ose under the conditions of the^saW two processes, result.ng « 
decreasing* poor oxygen permeation and eventual.y to cracking and comp.ete 
breakdown of the membrane. 
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Said perovskite membrane containing Fe or Mn or a mixture thereof as the B 
cation(s) or as constituents of the mixture of B cations, must contain A cations 
stable as di- or tri-valent oxides of suitable ionic radii relative to the ionic radii of Fe 
and Mn according to said requirement for the value of t. This limitation in 
combination with the exclusion of radioactive elements effectively excludes all 
elements according to the Periodic Table of the Elements adopted by IUPAC, 
except Ca, Sr, Ba, and La. 

Among the oxides of Ca, Sr, Ba, and La, the oxides of Sr and Ba are not 
sufficiently stable with respect to formation of carbonates, SrCOa and BaC0 3 , to be 
used in said processes for which typical process parameters were given in Tables 
1 and 2. The stability of the oxides of Ca, Sr, Ba, and La relative to the 
corresponding carbonates are shown in Fig. 1. Hence, for said processes, only La 
and Ca can be used as A-cations in the perovskite of which the membrane 
consists. The exclusion of Sr and Ba as constituents of the membrane, excludes 
the use of the preferred compositions of US 5,712,220, US 5.306.411, and 
WO97/41060, referenced in the "Background of the invention", as membranes in 
jhe said processes. Said preferred compositions of US 5,712,220, US 5,306.411. 
and WO97/41060, all containing Sr or Ba, are expected to react with C0 2 and 
decompose under the formation of SrC0 3 and BaCOa under the conditions of said 
two processes, resulting in decreasingly poor oxygen permeation and eventually 
cracking and complete breakdown of the membrane. 

In addition to containing the mixed valence elements Fe or Mn, or a mixture of Mn 
and Fe, the perovskite for use as a membrane in said processes can also contain 
one or more fixed valence elements as B cations; fixed valence meaning here that 
the particular ion has substantially the same valency at any spatial point in the 
membrane and at any time for the relevant process. The presence of such fixed 
valence elements may be needed in order to increase the stability of the 
perovskite, to decrease the chemical expansion, to prevent ordering, or to 
enhance the performance of the perovskite as a membrane material in any other 
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manner. The ions of the fixed valence elements must be of suitable ionic radii 
relative to the other B cations and A cations, according to said requirement for the 
value of t defined above. This limitation excludes all other elements than Ti, Cr, Al, 
Ga, Ge and Be. Furthermore, due to high vapor pressures of Ge containing 
species and low melting temperatures, Ge has to be excluded. Be is excluded on 
grounds of toxicity and high vapor pressure of the hydrate of beryllium. Of the 
remaining elements Al and Ga are expected to have similar effect as constituents 
in the perovskite, but the ionic radius of the Al ion is more favorable than of the Ga 
ion. Furthermore, the cost of Al is considerably lower than the cost of Ga. Hence, 
Ga can be excluded on the grounds of Al being a better choice. Under oxidizing 
conditions, the vapor pressure of Cr0 3 (g) above chromium containing perovskites 
is high, and Cr is preferably avoided. Therefore, as a fixed valence B cation, only 
Ti and Al will be considered further. 

The exclusion of Ga and Cr excludes the use of the preferred compositions of US 
5,306,411 and WO97/41060, referenced in the "Background of the invention", as 

\/ membranes in the sai d processes. Said preferred compositions of US 5,306,41 1 
containing Cr, are expected to become depleted in Cr as Cr0 3 (g) evaporates from 

/ the surface of the membrane under the conditions of the said two processes, 
resulting in decomposition of the membrane material and the formation of new 
compounds, which yields decreasingly poor oxygen permeation and eventually 
cracking and complete breakdown of the membrane. 

According to said requirements, limitations, and exclusions treated above, the 
membrane material possessing the perovskite structure for use in said processes, 
must have a composition represented by the formula: 

(Lai-xCax)v(Bi^B*y)w03-d 
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wherein B represents Fe or Mn or mixture thereof; B' represents Ti or Al or mixture 
thereof; and x, y, v, w, and d each represent a number such that 0<x<1,0<y< 
1, 0.9 < v <1, 0.9 < w < 1, and d equals a number that renders the compound 
charge neutral and is not less than zero and not greater than about 0.8, and 
preferably 0.95 < v < 1 and 0.95 < w < 1 . 

Compositions containing no Ti or Al, i.e. y = 0, are characterized by too high 
chemical expansion, as exemplified by the present Example 18, and can not be 
used as membranes in said processes. The chemical expansion is higher for 
compositions containing Mn than for compositions containing Fe. 

Compositions containing Ti, Al, or Ti and Al, i.e. B' represents Ti, Al, or a mixture 
of Ti and Al, and y>0, are characterized by an improved (lower) chemical expan- 
sion as compared with compositions containing no Ti and no Al, i.e. y = 0, as 
exemplified by a comparison of the present examples 17 and 18. The 
compositions of Example 17 with B representing Fe display chemical expansion 
characteristics that are acceptable for a membrane material in said processes. 

Compositions containing Ti and Al, i.e. B' represents a mixture of Ti and Al, and 
y>0, are characterized by a further improvement (reduction) in the chemical 
expansion compared with compositions where B' represents Ti and y>0, as 
exemplified by a comparison of the present Examples 17 and 21 . The composition 
of the present Example 21 with B representing Fe displays excellent chemical 
expansion characteristics for a membrane material in said processes. 

Although compositions containing Mn and Ti, Al, or Ti and Al, i.e. B* represents Ti, 
Al, or mixture of Ti and Al, and y>0 and B represents Mn, are characterized by an 
improved (lower) chemical expansion as compared with compositions containing 
no Ti or Al, i.e. y = 0, the improvement is not large enough to render these com- 
positions acceptable as membrane materials in said processes. The membrane 
can, therefore, not contain substantial amounts of Mn. The present Example 20 
exemplifies the high chemical expansion of Mn containing materials. 
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Following the discussion and further limitations hitherto, the membrane material 
possessing the perovskite structure for use in said processes, must have a 
composition represented by the formula: 

(Lai.xCaxJvCFei-y-yTiyAl^wO^ 

wherein x, y, y\ v, w, and d each represent a number such that 0<x<1,0<y<1, 
0 < y' < 1, 0 < (y+y') < 1, 0.9 < v < 1, 0.9 < w < 1, and d equals a number that 
renders the compound charge neutral and is not less than zero and not greater 
than about 0.8, and preferably 0.95 < v < .1 and 0.95 < w < 1 . 

Stoichiometric perovskite compositions represented by said formula, i.e. v = w = 1 , 
are kinetickHv unstable when subjected to large gradients (6-7 decades or more) in 
the oxygen p^Ktial pressure. The kinetic decomposition that occurs in these 
materials gives ris^ao the formation of decomposition products on at least one of 
the membrane surfa^s and a decrease in the oxygen flux with time. Such kinetic 
decomposition in the s^chiometric perovskite materials is exemplified by the 
present examples 12 and T6 and Figures 4, 8, 9, and 10. Kinetic decomposition 
becomes more pronounced wh\n w > v. Therefore, stoichiometric perovskites (v = 
w), or perovskites with A-site deficiency (w > v) represented by said formula can 
not be used as membranes in said processes. 

The exclusion of stoichiometric and A-site deficient perovskites, excludes the use 
of the compositions of US 5,712,220 and WO97/41060, and excludes the use of 
the preferred compositions of US 5,306,411 referenced in the "Background of the 
invention", as membranes in the_said processes. Said compositions of US 
5,712,220, US 5,306,411, and WO97/41060, are expected to decompose in the 
large oxygen partial pressure gradient of said two processes, resulting in 
decreasingly poor oxygen permeation and eventually to cracking and complete 
breakdown of the membrane. 
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Compositions represented by said formula, and where the numbers v and w are 
selected such that v = 1 and 0.95 < w < 1, however, are stable with respect to 
kinetic decomposition even in oxygen partial pressure gradients of well above 10 
decades. Under certain additional requirements regarding the values of x and y of 
the enumerated formula, said compositions are characterized by stable oxygen 
flux not decreasing with time, and single phase unchanged membrane surfaces 
and interior. Examples of the performance of such compositions are presented in 
the present Examples 11,13, and 14 and figures 3, 5, 6, and 7. 

Following the further limitations pointed out in the discussion hitherto, the 
membrane material possessing the perovskite structure for use in said processes, 
must have a composition represented by the formula 

Lai-xCax(Fei.yvTiyAV)wO M 

wherein x, y, y', w, and d each represent a number such that 0<x<1,0<y<1,0 
< y' < 1 , 0 < (y+y 1 ) < 1 , y ^ x, 0.95 < w < 1 , and d equals a number that renders the 
compound charge neutral and is not less than zero and not greater than about 0.8. 

The compositions represented by said formula can alternatively be represented by 
mixtures of y number of moles of CaTi„0^ (CT), (x-y) number of moles of 
CaFe w 03«r (CF), (1-x-y 1 ) number of moles of LaFe w O^- (LF), and y' number of 
moles of LaALOiw- (LA), with respective mole fractions given by Xcr=y, XcF=x-y, 
XLF=1-x-y", and Xu^y*. Graphically, said mixtures can be represented within a 
ternary phase diagram as shown in the present Fig. 14. 

Compositions represented by said formula, and where the numbers x, y, and y' 
are selected such that (y+y') < 0.1 and (x-y) < 0.3 are characterized by having high 
chemical expansion, and membranes of these compositions can probably not be 
used in said processes. Examples of the high chemical expansion of these 
materials are presented in the present Examples 18 and 19. 
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Compositions represented by said formula, and where the numbers x and y are 
selected such that (x-y) < 0.05 are characterized by having low vacancy 
concentrations (d), which yield low oxygen flux rates, and membranes of these 
compositions can probably not be used in said processes. An example of the low 
oxygen flux of these compositions is provided in the present Example 23. 

Compositions represented by said formula, and where the numbers x, y, and y' 
are selected such that either (y+y') > 0.8, or (1-x-y 1 ) < 0.05 and (x-y) < 0.3, are 
characterized by having low electronic conductivity, which yield low oxygen flux 
rates, and membranes of these compositions can probably not be used in said 
processes. An example of the low oxygen flux of these compositions is provided in 
the present Example 24. 

Compositions represented by said formula, and where the numbers x and y are 
selected such that (x-y) > 0.3, are not simple perovskites at conditions 
representative of th e said processes. The cations and oxygen vacancies of these 
compositions become ordered, during which ordering process the flux rates 
decrease to eventually reach too low permeation rates to be used as membranes 
in said processes. An example of the low oxygen flux of these compositions is 
provided in the present Example 25. 

Compositions represented by said formula, and where the numbers x and y are 
selected such that 0.1 < (y+y') < 0.8, 0.15 < (x+y 1 ) < 0.95, and 0.05 < (x-y) < 0.3 are 
characterized by having properties acceptable for use as membranes in said 
processes. These properties include low and acceptable chemical expansion 
below 0.1 % (Examples 17 and 21), sufficiently high vacancy concentration to yield 
sufficient flux rates (Example 11), sufficiently high electronic conductivity to yield 
sufficient flux rates (Example 11), minor (acceptable) or no ordering of cations and 
oxygen vacancies (Examples 11,13 and 14). 
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Compositions represented by said formula and where the numbers x and y are 
selected such that 0.1 < (y+y') < 0.8, 0.15 < (x+y') < 0.95, 0.05 < (x-y) < 0.3, and y 
> 0, are characterized by a further reduction in the chemical expansion (Example 
21). 

Thus, the membrane material according to the present invention for use in said 
processes has a composition represented by the formula: 

Lai-xCax(Fei.yYTiyAV) w 03^ 

wherein x, y, y', w, and d each represent a number such that 0.1 < (y+y 1 ) < 0.8, 
0.15 < (x+y') < 0.95, 0.05 < (x-y) < 0.3, 0.95 < w < 1, and d equals a number that 
renders the compound charge neutral and is not less than zero and not greater 
than about 0.8. 

Particularly suitable compositions according to the present invention are 
represented by said general formula wherein x, y, y\ w, and d each represent a 
number such that 0.15 < (y+y') < 0.75, 0.2 < (x+y') < 0.9, 0.05 < (x-y) < 0.15, 0.95 
< w < 1, and d equals a number that renders the compound charge neutral and is 
not less than zero and not greater than about 0.8. 

Representative compositions include Lao.esCao.ssFeoesTio^ioioOsKj, 
Lao.45Cao.55Feo.4eTio.39Alo.10Ow, Lao.4Cao.6Feo.49Ti 0 .43Alao503<i, 
Lao.58Cao.42Fe 0 .63Tio.3iAIo.o30 3 ^, U^Cao.eFeo.^Tio.^O:*,, Lao.55Cao.45Feo.63Tio.34Ow, 
Lao.68Cao. 3 2Fe 0 .73T!o.2503-(j and Lao^2Cao.78Feo.34Ti 0 .6203^- 

The improvements afforded by the applicants' invention can be best appreciated 
by a comparison of properties, such as structure, performance during oxygen 
permeation, phase composition after permeation etc., of the claimed non- 
stoichiometric compositions with the prior art stoichiometric compositions. 



WO 01/23078 



16 



PCT/NOOO/00312 



The invention will be further explained and envisaged in the examples and the 
figures. 

FIG. 1 shows the upper stability limit of selected oxides against reaction with 
carbon dioxide as a function of temperature. 

FIG. 2 shows X-ray diffractograms of the B-site deficient membrane material of 
Example 1 and the cation stoichiometric membrane material of Example 
2. 

FIG. 3 shows oxygen permeation characteristics of the membrane material of 
Example 1 . 

FIG. 4 shows oxygen permeation characteristics of the membrane material of 
Example 2. 

FIG. 5 shows X-ray diffractograms of the membrane material of Example 1 
before and after the oxygen permeation experiment of Example 1 1 . 

FIG. 6 shows -a scanning electron micrograph of the high oxygen partial 
pressure (primary) side of the membrane material of Example 4 after an 
oxygen permeation experiment. 

FIG. 7 shows a scanning electron micrograph of the low oxygen partial 
pressure (secondary) side of the membrane material of Example 4 after 
an oxygen permeation experiment. 

FIG. 8 shows X-ray diffractograms of the membrane material of Example 2 
before and after the oxygen permeation experiment of Example 12. 
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FIG. 9 shows a scanning electron micrograph of the high oxygen partial 
pressure (primary) side of the membrane material of Example 2 after 
the oxygen permeation experiment of Example 12. 

FIG. 10 shows scanning electron micrograph of the low oxygen partial pressure 
(secondary) side of the membrane material of Example 2 after the 
oxygen permeation experiment of Example 12. 

FIG. 11 shows X-ray diffractograms of the membrane material of Example 5 



FIG. 12 shows a scanning electron micrograph of the high oxygen partial 



pressure (primary) side of the membrane material of Example 5 after an 
oxygen permeation experiment. 



FIG. 13 shows a scanning electron micrograph of the low oxygen partial 
pressure (secondary) side of the membrane material of Example 5 after 
an oxygen permeation experiment. 

FIG. 14 shows the range of the claimed compositions represented in a ternary 



diagram as mixtures of LaFei- v 0 3 (LF), CaTii. v 0 3 (CT), LaAli. v 0 3 (LA) 
and CaFei- v 0 2 .5 (CF). 



A solid mixed conducting membrane was prepared by a soft chemistry route 
wherein the appropriate amounts of La 2 0 3 , CaC0 3 , and titanyl acetylacetonate 
were first dissolved in nitric acid. To this liquid mixture was added the appropriate 
amount of a preprepared standardized 1 M aqueous solution of Fe(NQ 3 ) 3 . The 



before and after an oxygen permeation experiment. 



EXAMPLE 1 



PREPARATION OF Lao^CaaeFe^asTio^ssO^ 
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EXAMPLE 1 
PREPARATION OF Lao. 4 Cao.6Feo>*8sTio^sOw 
A solid mixed conducting membrane was prepared by a soft chemistry route 
wherein the appropriate amounts of La 2 0 3 , CaC0 3 , and titanyl acetylacetonate 
were first dissolved in nitric acid. To this liquid mixture was added the appropriate 
amount of a preprepared standardized 1 M aqueous solution of Fe(N0 3 )3. The 
mixture was added citric acid in excess, and excess water was evaporated for 3 
hours at 90°C, during which time complexation takes place. The resulting gel was 
pyrolyzed in air for 14 hours by heating to 140°C, whereupon the resulting dry 
powder was calcined at 500°C for 2 hours and 900°C for 10 hours. The powder 
mixture was then combined with a binder and uniaxially cold pressed to a 13 mm0 
disk at 180 MPa. The resulting porous disk was heated to 500°C at 57min to allow 
controlled combustion of the binder, and then further heated to 1250°C, maintained 
at 1250°C for 3 hours and cooled to room temperature. This procedure yielded a 
10 mm0 gas tight disk with >96% of theoretical density. The membrane was 
polished on both sides to a 1 micron surface finish and 1 .66 mm thickness. The 
formula representing the product may be expressed as Lao^Cao.eFeo^sTio.AssOs-d. 

EXAMPLE 2 (COMPARATIVE) 
PREPARATION OF Lao.4Cao.6Feo/Tio.5O3-d 
A solid mixed conducting membrane was prepared according to the method of 
Example 1 except the amounts of the reactants were chosen to yield a product 
that may be represented by the formula Lao.4Cao.6Fea5Tio.50^. The membrane was 
polished on both sides to a 1 micron surface finish and 1 .00 mm thickness. 
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EXAMPLE 3 (COMPARATIVE) 
PREPARATION OF Lao^SrojfFeo^Cro iCodO^ 
A solid mixed conducting membrane was prepared by a soft chemistry route 
wherein the appropriate amounts of La 2 0 3 and Sr(N0 3 ) 2 were first dissolved in 
nitric acid. To this liquid mixture was added the appropriate amounts of pre- 
prepared standardized 1M aqueous solutions of Fe(N0 3 ) 3> Cr(N0 3 ) 3 , and 
Co(N0 3 ) 2 . The mixture was added citric acid in excess, and excess water was 
evaporated for 3 hours at 90°C, during which time complexation takes place. The 
resulting gel was pyrolyzed in air for 14 hours by heating to 140°C, whereupon the 
resulting dry powder was calcined at 500°C for 2 hours and 900 9 C for 10 hours. 
The powder mixture was then combined with a binder and uniaxially cold pressed 
to a 13 mm0 disk at 180 MPa. The resulting porous disk was heated to 500°C at 
57min to allow controlled combustion of the binder, and then further heated to 
1200°C, maintained at 1200°C for 3 hours and cooled to room temperature. This 
procedure yielded a 10 mm0 gas tight disk with >96% of theoretical density. The 
membrane was polished on both sides to a 1 micron surface finish and 1.5 mm 
thickness. The formula representing the product may be expressed as 
Lao.zSro.sFeo.eCro.iCoo.iOs-d. 

EXAMPLE 4 
PREPARATION OF Lao.55Cao.4sFeo.63Tio.34O3* 
A solid mixed conducting membrane was prepared according to the method of 
Example 1 except the amounts of the reactants were chosen to yield a product 
that may be represented by the formula LaossCaoAsFeo.ssTio^O^. The membrane 
was polished on both sides to a 1 micron surface finish and 1.42 mm thickness. 
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EXAMPLE 6 (COMPARATIVE) 
PREPARATION OF Lao^Ca OJ FeO^ 
A solid mixed conducting membrane was prepared according to the method of 
Example 1 except titanium acetylacetonate was omitted and the amounts of the 
other reactants were chosen to yield a product that may be represented by the 
formula LaoaCao^FeO^. The membrane was ground to a square of approximately 
8x8 mm and polished on both sides to a 1 micron surface finish. 

EXAMPLE 7 (COMPARATIVE) 
PREPARATION OF Lao fiCao JFeo xnTio mO^ 
A solid mixed conducting membrane was prepared according to the method of 
Example 1 except the amounts of the reactants were chosen to yield a product 
that may be represented by the formula Lao.eCao^Feo.TTrTio.mO^. The membrane 
was ground to a square of approximately 8x8 mm and polished on both sides to a 
1 micron surface finish. 

EXAMPLE 8 (COMPARATIVE) 
PREPARATION OF LaojCaosMn^Ti^O^ 
A solid mixed conducting membrane was prepared according to the method of 
Example 1 except manganese nitrate solution was substituted for iron nitrate 
solution and the amounts of the reactants were chosen to yield a product that may 
be represented by the formula Lao^Cao.8Mn 0 .4Tio.603^. The membrane was ground 
to a square of approximately 8x8 mm and polished on both sides to a 1 micron 
surface finish. 
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EXAMPLE 9 
PREPARATION OF Lao wCaojsFeo^jTio^Alo ioOM 
A solid mixed conducting membrane was prepared according to the method of 
Example 1 except aluminium acetylacetonate was added in addition to the other 
components and the amounts of the reactants were chosen to yield a product that 
may be represented by the formula L^.6sCaa35Feo.63Tio.24Alo.ioCW The membrane 
was polished on both sides to a 1 micron surface finish and 1.5 mm thickness. 



EXAMPLE 10 

STRUCTURE OF Lao.4Cao.6Feo.485Tio.4S503-<j AND Lao^Cao.eFeo^Tio^O^ 
XRD diffractograms of the mixed conducting membrane materials of Examples 1 
("B-site deficient") and 2 ("Stoichiometric 11 ) are shown in Fig. 2. Both materials are 
single phase and possess the perovskite structure. Peaks marked "Si" in the 
diffractogram of the B-site deficient material belong to silicon, which was added as 
an internal XRD-standard. A slight shift of the peak locations to lower diffraction 
angles in the B-site deficient material shows that the unit cell volume is increased 
by introduction of B-site deficiency. 



EXAMPLE 11 

OXYGEN PERMEATION TEST OF A DENSE MIXED CONDUCTING 
Lao^Cao.6Feo.485Tio.4850^ MEMBRANE 
The mixed conducting membrane disk of Example 1 was attached to an alumina 
tube by placing one gold ring between the membrane and the alumina tube and 
one gold ring between the membrane and a quartz support structure. The 
membrane assembly was heated to 1031°C where the gold softened and a seal 
formed between the membrane and the alumina tube. 250 ml/min (STP) of a 
mixture of 50% oxygen and 50% nitrogen was flushed across the outside (high p 02 
or primary) surface of the membrane. 
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In the first part of the test, 250 ml/min (STP) of He was flushed across the inside 
(low p 0 2 or secondary) surface of the membrane. Oxygen permeated through the 
membrane from the high p 02 side to the low p 0 2 side and was entrained by the He 
sweep gas stream. The oxygen concentration in the exiting helium stream was 
analyzed by gas chromatography. Small leakages due to imperfections in the gold 
ring seal were detected by analyzing the exiting helium stream for nitrogen. The 
oxygen flux was calculated by the following formula: 

where J02 is the oxygen flux per membrane area, X02 is the mole fraction of 0 2 in 
the exiting He sweep stream, Xn2 is the mole fraction of N 2 in the exiting He sweep 
stream, F to t is the total flow rate of gas exiting the low P02 compartment of the 
oxygen permeation cell, and Am«n is the active area of the membrane. During the 
first part of the experiment, the oxygen flux was determined at several 
temperatures between 880°C and 1050°C. 

During the second part of the experiment, 250 ml/min of a sweep gas consisting of 
97.5% by volume of He and 1.25% by volume each of CO and C0 2 was flushed 
across the low P02 surface of* the membrane. Oxygen permeated through the 
membrane from the high p 0 2 side to the low p 0 2 side and combined with CO on the 
low p 02 side to form C0 2 . The concentrations of 0 2 , N 2 , CO and CO2 in the exiting 
gas stream were analyzed by gas chromatography. The oxygen flux was 
calculated by the formula: 
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where J02 is the oxygen flux per membrane area, X C o2 is the mole fraction of C0 2 
in the exiting He sweep stream, Xco is the mole fraction of CO in the exiting He 
sweep stream, X° C 02 is the mole fraction of C0 2 in the entering He sweep stream, 
X°co is the mole fraction of CO in the entering He sweep stream, Xn2 is the mole 
fraction of N 2 in the exiting He sweep stream, F is the total flow rate of the gas 
stream exiting the low P02 compartment of the oxygen permeation cell, and A mem is 
the active area of the membrane. During the second part of the experiment, the 
oxygen flux was determined at several temperatures between 880°C and 1050°C. 

During the third part of the experiment, a pure He stream of 250 ml/min was 
flushed across the low P02 side of the membrane, and the oxygen flux was 
determined in the same manner as during the first part of the experiment. The 
oxygen flux was determined at several temperatures. 

Fig. 3 shows the oxygen flux (left abscissa, fully drawn line) and the temperature 
(right abscissa, dashed line) as function of time during the oxygen permeation test. 
The first part of the test takes place in the period from 4 hours to 26 hours, the 
second part from 26 hours to 53 hours, and the third part from 53 hours to 70 
hours. The oxygen flux does not vary substantially with time at constant 
temperature. The oxygen flux during the second part of the test calculated for 
1000°C and 1 mm membrane thickness was 0.30 ml/(cm 2 min). 



EXAMPLE 12 (COMPARATIVE) 
OXYGEN PERMEATION TEST OF A DENSE MIXED CONDUCTING 
Lao.4Cao.6Feoj5Tio^Ow MEMBRANE 
An oxygen permeation test was conducted according to the procedure described 
in Example 1 1 , except the membrane disk of Example 2 was used. 

Fig. 4 shows the oxygen flux (left abscissa, fully drawn line) and the temperature 
(right abscissa, dashed line) as function of time during the oxygen permeation test. 



WO 01/23078 



24 



PCT/NO00/00312 



The first part of the test takes place in the period from 4 hours to 24 hours, the 
second part from 24 hours to 118 hours, and the third part from 118 hours to 135 
hours. The oxygen flux decreases with time at a constant temperature during the 
first part of the test. During the second part of the test, there is first an apparent 
increase in the oxygen flux, then a decrease. The oxygen flux during the 
quasi-steady state period of the second part of the test calculated for 1 000°C and 
1 mm membrane thickness was 0.21 ml/(cm 2 min). 



EXAMPLE 13 

STRUCTURE OF Lao.4Cao.6FeoWrio.48503-d AFTER OXYGEN FLUX TESTING 
The membrane of Example 1 , tested for oxygen flux in Example 1 1 , was examined 
by X-ray diffraction on both sides. Fig. 5 shows X-ray diffractograms of the 
material prior to the experiment (bottom) and of the two surfaces of the membrane 
after the oxygen permeation test; the high P02 surface (middle) and the low p 0 2 
surface (top). The peaks labelled "Si" belong to silicon which was added to the 
sample as an internal standard. The peaks labelled "Al" belong to the aluminium 
sample holder. The sample possesses the perovskite structure and is single 
phase. It shows no evidence of decomposition after the oxygen flux experiment. 



EXAMPLE 14 

STRUCTURE OF Lao^sCao^sFeo^Tio^O^ AFTER OXYGEN FLUX TESTING 
The material prepared in Example 4 was examined by Scanning Electron 
Microscopy after an oxygen flux test. Representative pictures of the high p 0 2 side 
and the low p 02 side are shown in Fig. 6 and Fig. 7, respectively. The micro- 
structure is fine-grained and homogeneous with no apparent difference between 
the two sides of the membrane. Semi-quantitative elemental analysis by EDS 
shows that the composition of the material is essentially unchanged from before 
the oxygen flux test. 



WO 01/23078 



25 



PCT/NO00/00312 



EXAMPLE 15 (COMPARATIVE) 
STRUCTURE OF Lao.4Cao.6FeojTio.5Ow AFTER OXYGEN FLUX TESTING 
The membrane of Example 2 was examined by X-ray diffraction and Scanning 
Electron Microscopy after the oxygen flux test of Example 12. 

Fig. 8 shows X-ray diffractograms of the material prior to the experiment (bottom) 
and of the two surfaces of the membrane after the oxygen permeation test; the 
high p 02 surface (middle) and the low p 02 surface (top). The peaks labelled "Al" 
belong to the aluminium sample holder. Before the experiment, the sample 
possesses the perovskite structure and is single phase. The X-ray diffractogram of 
the high p 0 2 surface after the oxygen flux tests shows the presence of additional 
phases, of which one was identified as CaFe 2 0*. Peaks labelled M CF" in the X-ray 
diffractogram belong to this phase. Peaks labelled "U" belong to an unidentified 
phase. Unlabelled peaks belong to the perovskite phase. The X-ray diffractogram 
of the low P02 side after the oxygen permeation test shows essentially no change 
from the sample before the test. 

Fig. 9 and Fig. 10 show representative Scanning Electron Micrographs of the high 
P02 and low p 02 surfaces of the membrane after the oxygen flux test, respectively. 
Fig. 9 shows that the high p oz surface of the membrane is covered by a continuous 
layer of decomposition phases. Semi-quantitative elemental analysis by EDS 
indicates that this layer consists of CaFe 2 0 4 and an iron oxide. Fig. 10 shows that 
the low p 0 2 surface is fine grained and homogeneous. Semi-quantitative elemental 
analysis by EDS indicates that the composition is essentially unchanged from 
before the experiment. 

EXAMPLE 16 

STRUCTURE OF LaojCa 0 ^Feo^sTio^O^ AFTER OXYGEN FLUX TESTING 
The membrane of Example 5 was examined by X-ray diffraction and Scanning 
Electron Microscopy after an oxygen flux test. 
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Fig. 1 1 shows X-ray diffractograms of the material prior to the experiment (bottom) 
and of the two surfaces of the membrane after the oxygen permeation test; the 
high p 02 surface (middle) and the low p 02 surface (top). The peaks labelled "Al" 
belong to the aluminium sample holder. Before the experiment, the sample 
possesses the perovskite structure and is single phase. After the experiment, an 
additional minor peak appears at d = 2.7A. This peak is attributed to an ordered 
structure similar to the known phases LaCa 2 Fe 3 0 8 and Ca 3 Ti 2 Fe08. 

Fig. 12 and Fig. 13 show representative Scanning Electron Micrographs of the 
high p 0 2 and low p 02 surfaces of the membrane after the oxygen flux test, 
respectively. The microstructure is essentially the same on both surfaces. The 
matrix phase consists of rounded grains up to about 1 micron in size. 
Semi-quantitative elemental analysis by EDS indicates that this phase is 
essentially identical to the material before the oxygen flux test. A secondary phase 
consisting of elongated grains of up to 3 microns in length and less than 0.5 
micron in width is also found on both surfaces of the membrane. Semi-quantitative 
elemental analysis by EDS indicates that this phase has the molar ratio 
(La+Ca):(Fe+Ti) of close to unity, characteristic of the perovskites. The phase is 
enriched in Ca and Fe and depleted in La and Ti relative to the bulk of the 
material. This is consistent with the formation of a phase with an ordered structure 
similar to the known phases LaCa 2 Fe 3 0 8 and CaaTbFeOs. 



EXAMPLE 17 
THERMAL AND CHEMICAL EXPANSION OF La^sC^sFeowTio 
A solid mixed conducting membrane was prepared according to the method of 
Example 4 except the membrane disk was ground into a square of approximately 
8x8 mm. This specimen was placed in a dilatometer, and heated at a rate of 
6°C/min in a flowing air atmosphere to 997°C. The average thermal expansion 
coefficient measured between 400°C and 997°C was 11.8M0" 6 K* 1 . The sample 
was maintained at 997°C for several hours, whereupon the atmosphere was 
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changed to a flowing mixture of 95% N 2 , 1% CO and 4% C0 2 . The sample was 
allowed to expand to its equilibrium length. The atmosphere was then changed 
back to flowing air, whereupon the sample, still maintained at 997°C was allowed 
to contract to its equilibrium length. The relative difference in length is referred to 
as the chemical expansion, and was 0.06%. 



EXAMPLE 18 (COMPARATIVE) 
THERMAL AND CHEMICAL EXPANSION OF La^CaoiFeO^ 
The membrane of Example 6 was tested by the procedure of Example 17, except 
the temperature of the measurement was 1005°C. The average thermal expansion 
coefficient measured between 400°C and 1000°C was 11.1*10-® K* 1 . The chemical 
expansion was 0.15%. 



EXAMPLE 19 (COMPARATIVE) 
THERMAL AND CHEMICAL EXPANSION OF Lao^Cao^eo^TkiwOw 
The membrane of Example 7 was tested by the procedure of Example 17, except 
the temperature of the measurement was 994°C. The average thermal expansion 
coefficient measured between 400°C and 1000°C was 1 2.3*1 0* 6 K \ The chemical 
expansion was 0.12%. 



EXAMPLE 20 (COMPARATIVE) 
THERMAL AND CHEMICAL EXPANSION OF La 0 ^Ca 0 ^Mn^Ti^Ow 
The membrane of Example 8 was tested by the procedure of Example 17, except 
the temperature of the measurement was 1000°C. The average thermal expansion 
coefficient measured between 400°C and 1000°C was 11.6*10^ K'\ The chemical 
expansion was 0.38%. 



iO OS 92 3« » 0*270 2 

WO 01/23078 PCT/NO00/00312 

28 



EXAMPLE 21 (COMPARATIVE) 
THERMAL AND CHEMICAL EXPANSION OFLao.65Caoj5Feo.«Tioj4Alo.io03^ 
The membrane of Example 9 was tested by the procedure of Example 17, except 
the temperature of the measurement was 995°C. The average thermal expansion 
coefficient measured between 400°C and 990°C was 11.1*10* K\ The chemical 
expansion was less than 0.01%. 



EXAMPLE 22 (COMPARATIVE) 
THERMAL AND CHEMICAL EXPANSION OFLao isSro^sFeosCro ioCoo ioO^ 
The membrane of Example 3 was tested by the procedure of Example 17, except 
the temperature of the measurement was 996°C. The average thermal expansion 
coefficient measured between 400°C and 990°C was 1 7.0*1 0* K\ The chemical 
expansion was 0.27%. 



EXAMPLE 23 

OXYGEN PERMEATION TEST OF A Lao^Cao^Feo^Tio^O^ MEMBRANE 
An oxygen permeation test is conducted according to the procedure described in 
Example 1 1 , except a membrane disk of a composition represented by the formula 
Lao.63Cao.37Fe 0 63Tio3403Ki is used. Fig. 14 shows a ternary diagram of the system 
LaFe w 0 3 -tf-CaTiw03-<r-CaFew03-<r. The composition is located near the 
LaFewO^-CaTiwOs^r join of the ternary system, at the point marked "A". 
Compositions near the LaFewOa-d-CaTiwOa^r join are characterised by a low 
concentration of oxygen vacancies, especially on the high poz side of the 
membrane. Low oxygen flux is obtained with this material. 
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EXAMPLE 24 

OXYGEN PERMEATION TEST OF A Lao osCao wFeo wsT^O^ MEMBRANE 
An oxygen permeation test is conducted according to the procedure described in 
Example 1 1 , except a membrane disk of a composition represented by the formula 
La 0 .o5Cao.95Fe 0 .i45Tio.82503-<j is used. Fig. 14 shows a ternary diagram of the system 
LaFewOsKi-CaTiwOa^-CaFewOa-tr. The composition of the material is located near 
the CaTiwOa-d- apex of the ternary system, at the point marked "B n . Low electronic 
conductivity, especially at low oxygen partial pressures is characteristic of 
materials with compositions in this region, and a low oxygen flux is measured. 



EXAMPLE 25 

OXYGEN PERMEATION TEST OF A LaoisCaoTsFe^Tio^O^ MEMBRANE 
An oxygen permeation test is conducted according to the procedure described in 
Example 1 1 , except a membrane disk of a composition represented by the formula 
La 0 j>5Cao > 75Fe 0 .63Tio.3403-<j is used. Fig. 14 shows a ternary diagram of the system 
LaFe w 03KfCaTiw0 3 <i"-CaFew03-d-. The composition of the material is located near 
the centre of the ternary system, at the point marked "C". Ordering of oxygen 
vacancies and cations is characteristic of materials within the system with 
compositions with CaFewO^- content higher than a limit depending on the 
temperature and oxygen partial pressure. The obtained oxygen flux decreases 
with time as the ordered phase forms. 

These Exarr^tes demonstrate that the oxygen separation membranes of the 
present inventioivaje particularly suitable as membrane materials in processes in 
which the membranets^subjected to a large potential gradient, e.g. oxygen partial 
pressure difference of 6-/\tecades or more across the membrane. Compared with 
compositions known in the ph^r art, these compositions offer improved resistance 
to kinetic decomposition and reduced chemical expansion, as well as improved 
stability against reduction to metal ahd reaction with carbon dioxide and water. 
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